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For many years, scientists viewed the lipid bilayer of the tus (Gkantiragas et al., 2001). Therefore, the partitioning
of caveolins into these liquid-ordered domains may be-plasma membrane as a two-dimensional “fluid mosaic”
(Singer and Nicolson, 1972). In this so-called “liquid- gin to occur at the level of the Golgi apparatus, initiating
the biogenesis of caveolae. The current working hypoth-crystalline state,” packing is loose and lateral diffusion
is relatively rapid (Gennis, 1989; Lee, 1977). The impli- esis is that lipid rafts may represent precursors of caveo-
lae that facilitate the cholesterol-dependent insertion ofcation of such a model is that all plasma membrane
proteins are considered to be uniformly dispersed in the caveolins into membranes. Caveolae are found in many
cell types but are particularly abundant in fibroblasts,lipid solvent, akin to “icebergs in a sea of lipid.” Many
independent investigators in the past decade, however, adipocytes, endothelial cells, type I pneumocytes, epi-
thelial cells, and smooth and striated muscle cells (Smarthave provided evidence for the existence of other lipid
bilayer states, namely “liquid-ordered” membranes. et al., 1999). The mammalian caveolin gene family con-
sists of caveolin-1, -2, and -3. Caveolins -1 and -2 areThese regions are enriched in cholesterol and sphingoli-
pids (Table 1), making them more ordered and less fluid coexpressed and form a heterooligomeric complex in
many cell types, with particularly high levels in adipo-than the bulk plasma membrane. As a consequence, these
membranes are resistant to solubilization with nonionic cytes, whereas expression of caveolin-3 is muscle-spe-
cific and found in both cardiac and skeletal muscle, asdetergents at low temperatures (Brown and London,
1997; Moldovan et al., 1995). These liquid-ordered mi- well as smooth muscle cells (Smart et al., 1999). These
caveolin homo- and heterooligomers directly interactcrodomains of the plasma-membrane have been termed
lipid rafts (Figure 1A). However, lipid rafts have also been with cholesterol and represent the functional assembly
units of caveolae (Figure 1B). In addition, the caveolinreferred to in the literature by many different names:
detergent-insoluble glycolipid-rich domains (DIGs), gly- gene family is structurally and functionally conserved
from worms (C. elegans) to humans, supporting the ideacolipid-enriched membranes (GEMs), and low-density
Triton-insoluble (LDTI) complexes. It is now clear that that caveolins play an important role in modulating raft
function.lipid rafts function to organize the plasma membrane
into a series of discrete microdomains. These microdo- Several lines of evidence indicate that caveolins mod-
ulate many signaling proteins, including several onco-mains then act as platforms for conducting a variety of
cellular functions, such as vesicular trafficking and sig- genes. One possible hypothesis is that the interaction
of caveolins with signaling molecules functionally regu-nal transduction (Simons and Ikonen, 1997).
A major success of the EURESCO Conference on “Mi- lates their activation state. Thus, regulation of caveolin
expression may directly affect signaling mechanisms.crodomains, Lipid Rafts, and Caveolae” (San Feliu de
Guixols, Spain, May 19–24, 2001) was the demonstration An alternative explanation presented at the EURESCO
that different classes of lipid rafts exist in mammalian Conference suggests an indirect role of caveolins in
cells. Besides classical lipid rafts, which lack structural affecting signal transduction processes, through modu-
protein components, liquid-ordered domains may be lation of the availability of cholesterol at the level of the
enriched in one particular structural protein component, lipid raft (Roy et al., 1999). Caveolae are enriched in
which drastically changes the morphology and/or the cholesterol and caveolin-1 has been shown to directly
function of the lipid raft. bind cholesterol. In addition, depletion of cellular cho-
The first structural protein component to be identified lesterol results in the absence of caveolae at the level
was the caveolin-1 protein. When caveolin-1 is inte- of the plasma membrane. Interestingly, the caveolin-1
grated into the microenvironment of a lipid raft, these promoter has sterol regulatory sites. Thus, caveolins
microdomains invaginate and form caveolae, i.e., 50– play a key role in the transport and regulation of choles-
100 nm flask-shaped structures located at or near the terol levels in lipid rafts. As a consequence, regulation
plasma membrane. These caveolae can detach from of caveolin expression may indirectly affect signaling
mechanisms by its cholesterol-trafficking role.
Besides caveolins, several other protein families have3 Correspondence: lisanti@aecom.yu.edu
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an indirect effect on signaling through cholesterolTable 1. Lipid and Protein Components of Lipid Rafts/Caveolae
changes, the mutant protein was shown to cause redis-
Lipids tribution of free cholesterol from the plasma membrane
Cholesterol
to late endosomes (Pol et al., 2001). The mutant proteinSphingo-myelin
did not reach the cell surface, but instead accumulatedGlyco-sphingolipids (e.g., GM1)
in lipid droplets that may help regulate cholesterol levels.PIP2
Proteins Caveolin-1 and -2 stably interact to provide a struc-
Integral/Structural tural framework for caveolae in nonmuscle cells. Toyoshi
Caveolins (Cav-1, -2, and -3) Fujimoto and colleagues reported that caveolin-2, espe-
Flotillins (FLO-1 and -2; aka, Reggies or Cavatellins)
cially its  isoform, is targeted to the surface of lipidLAT/PAG
droplets by immunofluorescence, immunoelectron mi-MAL/BENE
croscopy, and subcellular fractionation (Fujimoto et al.,Stomatins
VIP36 2001). Brefeldin A (BFA) treatment induced further accu-
Acylated mulation of caveolin-2, along with caveolin-1, in lipid
Exoplasmic droplets. Analysis of mouse caveolin-2 deletion mutants
GPI-linked proteins (e.g., Thy-1, alkaline phosphatase, revealed that the central hydrophobic domain (residues
folate receptor)
87–119), the N-terminal (residues 70–86), and C-terminalCytoplasmic
(residues 120–150) hydrophilic domains are all neces-Src-family tyrosine kinases (NRTKs)
sary for the localization in lipid droplets. The N- andG proteins
eNOS C-terminal domains appeared to be related to mem-
H-Ras brane binding and exit from ER, respectively, implying
Scavenger Receptors that caveolin-2 is synthesized and transported to lipid
CD 36
droplets as a membrane protein (Fujimoto et al., 2001).SRBI
In conjunction with recent findings that lipid dropletsRAGE
contain unesterified cholesterol and raft proteins, theOther receptors
Receptors Tyrosine kinases (RTKs; e.g., EGF-R, result implies that the lipid droplet surface may function
PDGF-R, Insulin-R) as a membrane domain. It also suggests that lipid drop-
Hepta-helical Receptors (e.g., Endothelin receptor) lets are involved in the trafficking of lipid molecules
mediated by caveolins.
Debra Brown and colleagues obtained similar results.
In fact, they showed that mutation of caveolin-1 or treat-been recently reported to structurally and functionally
ment with BFA induced the targeting of caveolin-1 tomodify lipid rafts. These proteins include the flotillins
lipid droplets. Interestingly, this pattern of lipid droplet(FLO-1 and -2; aka reggies), LAT/PAG, MAL/BENE, sto-
localization remained unchanged even after BFA re-matins, and VIP36 (Table 1). As described at the meeting,
moval, supporting the notion that caveolin-1 was stablyeach of these proteins may be responsible for the forma-
retained within the lipid droplets (Ostermeyer et al.,tion of a distinct class of lipid rafts. In the following
2001). Also, Brown’s laboratory showed that caveolin-1paragraphs, we discuss the most recent findings on lipid
was specifically transported to lipid droplets when fusedrafts and microdomains, as reported at the EURESCO
to an ER-retrieval sequence, namely KKSL. ExpressionConference.
of Cav-1-KKSL did not cause any changes in the levels
of cholesterol or triglycerides, but the morphology of
Caveolins, H-Ras, and Lipid Droplets the lipid droplets was significantly altered. Thus, they
Previous studies have localized H-ras to caveolae mem- postulate that ER-targeting or ER-retention of caveo-
branes, where it can specifically interact with caveolin-1 lin-1 allows caveolin-1 to be rerouted to lipid droplets,
(for citations, see Smart et al., 1999). Rob Parton de- thereby preventing its accumulation within caveolae at
scribed a mutant of caveolin that inhibits specific sig- the level of the plasma membrane (Ostermeyer et al.,
naling pathways. A caveolin truncation mutant, termed 2001).
CavDGV, was shown to inhibit H-ras-mediated Raf acti-
vation but had negligible effects on the related isoform, PV-1 and Caveolae Diaphragms
K-ras (Roy et al., 1999). Since addition of cholesterol Caveolae from the vascular endothelium are provided
was shown to rescue inhibition of H-ras function by with unique structures called stomatal diaphragms,
the mutant protein, the results suggested that H-ras, a which are thin (5–6 nm) protein barriers inserted in the
palmitoylated Ras isoform, requires cholesterol-rich caveolar necks (or stoma, hence the name) (Roberts
lipid raft domains for efficient activation of Raf and that and Palade, 2000). The diaphragm is apparently lipid-
these domains are perturbed by the mutant protein. free, as no lipid bilayer-like organization has been ob-
Surprisingly, a combination of electron microscopy and served by electron microscopy (Roberts and Palade,
biochemistry suggested a complex and dynamic cycle 2000). They seem to consist of radial fibrils starting at the
for H-ras; upon GTP binding, H-ras segregated from rim and interweaving in a central mesh. Morphologically
raft markers and this lateral redistribution to nonraft similar diaphragms occur also at the level of endothelial
domains was required for efficient Raf activation (Prior fenestrae and transendothelial channels (Roberts and
et al., 2001). Palade, 2000). While for the diaphragms of fenestrae a
Characterization of the CavDGV mutant may also give “sieving” function of the blood plasma components has
insights into the complex mechanisms by which cells been documented, there is no data documenting the
function of the diaphragms of caveolae.regulate intracellular cholesterol levels. Consistent with
Meeting Review
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Figure 1. Diagram Summarizing the Mem-
brane Organization of Lipid Rafts and Ca-
veolae
(A) Lipid Rafts. The liquid-ordered phase
(shown in orange) is dramatically enriched in
cholesterol, sphingomyelin, glyco-sphingo-
lipids, and PIP2 (shown in yellow). In contrast,
the liquid-disordered phase (shown in green)
is composed essentially of phospholipids,
such as PC, PE, and PS. GPI-linked proteins
are anchored to the exoplasmic leaflet, while
acylated proteins, such as Src-family tyrosine
kinases, are attached to the cytoplasmic
leaflet.
(B) Caveolae. The liquid-ordered and liquid-
disordered phases are illustrated as in (A).
Upon integration of the protein caveolin-1,
liquid-ordered domains form small flask-
shaped invaginations called caveolae. Ca-
veolin-1 monomers assemble into discrete
homooligomers containing14–16 individual
caveolin molecules. Adjacent homooligomers
(shown as dimers for simplicity) are thought
to pack side-by-side within caveolae mem-
branes. Note that the amino (NH2) and car-
boxy (COOH) termini both face the cyto-
plasm. Each caveolin-1 homooligomer is
attached to its neighbors through multiple
N-terminal-N-terminal (OD) and C-terminal-
C-terminal (TD) interactions. Membrane at-
tachment is mediated by three domains:
N-MAD (residues 82–101), TMD (residues
102–134), and C-MAD (residues 135–150).
Three palmitate groups are found in the
C-terminal portion of the caveolin-1 molecule
and also contribute to its membrane attach-
ment. GPI-anchored proteins and acylated
proteins are as in (A). Abbreviations: OD (oligo-
merization domain), TD (terminal domain, for
oligomer-oligomer interactions), N-MAD (N-ter-
minal membrane attachment domain), TMD
(transmembrane domain), and C-MAD (C-ter-
minal membrane attachment domain).
Recent research by Radu-Virgil Stan and George Pa- long awaited phenotype of caveolin-1 (Cav-1) knockout
mice (Kurzchalia and colleagues, unpublished observa-lade (Stan et al., 1999) demonstrated that the dia-
phragms of caveolae, transendothelial channels, and tions; Drab et al., 2001). Several important observations
are worthy of mention. There is a complete ablation offenestrae share a specific protein marker, namely PV-1
(plasmalemmal vesicle-1). PV-1 is a novel, endothelial the 50–100 nm caveolae in Cav-1 null tissues, firmly
establishing that caveolin-1 is required for caveolar inva-specific, type II membrane glycoprotein that forms
homo-dimers in situ (Stan et al., 1999). It has a short gination. However, despite a loss of this organelle, the
mice develop normally and are viable. Intriguingly, thecytoplasmic N-terminal domain and a long extracellular
C terminus that bears two coiled-coil domains and a expression of caveolin-2, the closely related family
member normally coexpressed with Cav-1, is severelyproline-rich region. Due to presence of coiled-coil do-
mains, PV-1 is thought to have a rod-like shape and reduced. On routine histological examination, Cav-1 null
lungs are highly abnormal with thickened alveolar wallsthus assumed to form the fibrils of the caveolar dia-
phragm (Stan et al., 1999). and hypercellularity due primarily to endothelial cells.
Although the etiology of this phenotype is unclear, an
assessment of endothelial cell function in aortic ringCaveolin-1 Deficiency and Endothelial
Cell Function experiments shows inadequate vasoconstriction re-
sponses due to uninhibited nitric oxide production (aDespite the fact that they were discovered in the 1950s,
caveolae have remained enigmatic organelles with nu- result consistent with Cav-1’s known inhibitory effect
on eNOS). A physiological side effect of this aberrantmerous proposed functions. The cloning of caveolin-1
and the discovery that it serves as the marker protein endothelial function in the vasculature is severe exercise
intolerance. The results presented at the meeting willfor caveolae (Glenney and Soppet, 1992; Rothberg et
al., 1992), has only created more questions than an- be essential in guiding the field toward a more complete
understanding of caveolar function in vivo. Interestingly,swers. Now, nearly a decade later, by targeting the third
caveolin-1 exon, Teymuras Kurzchalia reported on the by targeted disruption of Cav-1 exons 1 and 2, we have
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independently generated Cav-1 null mice and reported these two proteins were found to be practically identical
to flotillin-2 and flotillin-1, proteins identified by Bickelvery similar findings (Razani et al., 2001).
and colleagues in a screen of mouse adipose tissue for
novel markers of lipid rafts/caveolae (Bickel et al., 1997;Caveolin-3 Deficiency and Muscular Dystrophy
Lang et al., 1998).Caveolin-3 is most closely related to caveolin-1 based
Lisanti and Stuermer and their colleagues demon-on protein sequence homology; caveolin-1 and caveo-
strated that flotillin-1 and -2 (reggie-2 and -1) are en-lin-3 are 65% identical and 85% similar. However,
riched in the Triton X-100 insoluble buoyant fractioncaveolin-3 mRNA and protein are expressed predomi-
after sucrose density centrifugation (Bickel et al., 1997;nantly in muscle tissue types (heart, diaphragm, and
Lang et al., 1998), which is indicative of their associationskeletal muscle). The expression of caveolin-3 is in-
with lipid rafts/plasma membrane microdomains. Theirduced during the differentiation of skeletal myoblasts
association with microdomains was also apparent byin culture and caveolin-3 is localized to the muscle cell
immunostaining of cultured cells. Staining with Abs spe-plasma membrane (sarcolemma) where it forms a com-
cific for reggie-1 and -2 resulted in a punctate patternplex with dystrophin and its associated glycoproteins.
along the cytoplasmic face of the plasma membrane,Minetti and colleagues identified a novel autosomal
with a substantial degree of colocalization between re-dominant form of limb-girdle muscular dystrophy (LGMD-
ggie-1 and -2 at both the light and electron microscopic1C) in humans that is due to mutations within the coding
level (Stuermer et al., 2001). In neurons, such as retinalsequence of the human caveolin-3 gene (3p25) (Galbiati
ganglion cells, DRG neurons, and NGF-stimulated neu-et al., 2001a). These mutations within the caveolin-3
rite-bearing PC12 cells, which lack caveolae, the punc-gene are responsible for the generation of unstable ca-
tate reggie staining extended into axons, their growthveolin-3 aggregates, which undergo ubiquitination and
cones, and filopodia (Lang et al., 1998; Stuermer et al.,proteosomal degradation. As such, LGMD-1C mutations
2001). These Abs also labeled in punctate patterns thelead to an95% reduction in caveolin-3 protein expres-
plasma membrane of nonneuronal cells, such assion, i.e., a caveolin-3 deficiency. Lisanti discussed the
astrocytes and oligodendrocytes where reggie-1 and -2creation of a caveolin-3 null (CAV3 /) mouse model,
occur outside of caveolae (Stuermer et al., 2001). In theusing standard homologous recombination techniques,
human Jurkat T-lymphocytic cell line, reggie-1 and -2to mimic a caveolin-3 deficiency (Galbiati et al., 2001b).
cocluster with crosslinked Thy-1, cholera toxin, and Fyn,These mice lack caveolin-3 protein expression and sar-
and thus respond to T cell activation (Stuermer et al.,colemmal caveolae membranes. This result clearly indi-
2001). Additionally, when the GPI-linked surface pro-cates that caveolin-3 is required for caveolae formation
teins Thy-1 and F3 in DRG neurons undergo antibody-in skeletal muscle cells in vivo. In addition, analysis of
induced cross-linking, they both appeared punctate andskeletal muscle tissue from these caveolin-3 null mice
coclustered with reggie-1 and -2, and the clustered pro-revealed mild myopathic changes, an exclusion of the
teins are associated with Fyn (Stuermer et al., 2001). Itdystrophin-glycoprotein complex from lipid raft domains,
thus appears that reggie-1 and -2 demarcate sites ofand abnormalities in the organization of the T-tubule
the plasma membrane where GPI-linked proteins cansystem, with dilated and longitudinally-oriented T-tubules.
cocluster (Lang et al., 1998; and Stuermer et al., 2001).These data suggest that mislocalization of the dys-
These results suggest that reggies/flotillins define a newtrophin complex and abnormal T-tubule development
class of structural components of lipid rafts in neurons,may underlie the pathogenesis of LGMD-1C in humans.
glial cells, and T cells.In further support of these findings, we have recently
Prohaska reported that, apart from the GPI-anchoredshown that caveolin-3 normally interacts directly with
proteins, the most abundant raft proteins in humanthe dystrophin-glycoprotein complex by recognizing a
erythrocytes are flotillin-1, flotillin-2, and stomatinPPXY motif in the C-terminal tail of -dystroglycan (Sot-
(Salzer and Prohaska, 2001), where they cocluster ingia et al., 2000). Thus, the targeting of the dystrophin-
lipid rafts with cytoskeletal proteins, such as spectringlycoprotein complex to lipid rafts occurs indirectly via
and actin. In addition, he presented evidence that flotil-a “piggy-back” mechanism, i.e., through its interaction
lins and stomatin are present in two separate and dis-with caveolin-3.
tinct classes of lipid rafts, and form independent highHagiwara and colleagues have also documented simi-
molecular mass oligomeric complexes (Salzer and Pro-lar mild myopathic changes in caveolin-3 null mice (Ha-
haska, 2001).giwara et al., 2000). In fact, they reported that caveolin-3
deficiency in mice results in loss of caveolae at the
sarcolemma and in muscle fiber degeneration essen- MAL and Apical Protein Sorting
tially restricted to specific muscles (i.e., soleus and dia- Miguel Alonso discussed his work on the MAL proteo-
phragm). These results are consistent with the mild phe- lipid. MAL is an integral membrane protein with multiple
notype observed in LGMD-1C in humans. hydrophobic segments that is exclusively confined to
lipid rafts in polarized epithelia, such as MDCK cells.
Previous work indicated that MAL cycles continuouslyFlotillins/Reggies, GPI-Linked Proteins,
and Noncaveolar Rafts between the Golgi and the plasma membrane sug-
gesting that MAL may be a component of the machineryReggie-1 and reggie-2 were identified in Claudia
Stuermer’s laboratory as two genes in goldfish whose of the raft-mediated pathway of apical transport rather
than a simple cargo molecule. The involvement of MALexpression is markedly upregulated in retinal ganglion
cell neurons during axon regeneration following lesions in apical sorting has been directly addressed by deple-
tion of the endogenous MAL protein of MDCK cells usingto the optic nerve (Schulte et al., 1997). Interestingly,
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specific antisense oligonucleotides. Alonso and col- via its proline-rich domain (PRD) to cortactin, an actin
binding protein and known Src substrate. These findingsleagues showed that apical sorting of proteins associ-
ated with lipid rafts, such as the transmembrane influ- provide the first direct link between the endocytic ma-
chinery and the actin cytoskeleton (McNiven et al., 2000).enza virus hemagglutinin (HA) and the GPI-anchored
GD1-DAF protein, as well as apical sorting of proteins Interestingly, dynamin and cortactin colocalize in the
peripheral ruffles of migrating cells and clathrin-coatednot associated with lipid rafts, such as the transmem-
brane neurotrophin receptor molecule (p75NTR), was pits along the cell surface. McNiven suggested that in-
teractions between the dynamin mechanoenzymes andgreatly impaired by depletion of endogenous MAL in
MDCK cells (Martin-Belmonte et al., 2000; Puertollano cortactin proteins would have multiple functional impli-
cations in membrane and lipid trafficking, as well as inet al., 1999). As a convincing control, in cells whose
endogenous MAL protein was depleted, normal apical cell migration.
cargo transport was restored by exogenous expression
of the MAL protein, designed to be resistant to treatment Aeorolysin, a New Tool to Study
with antisense oligonucleotides (Martin-Belmonte et al., GPI-Protein trafficking
2000; Puertollano et al., 1999). Alonso’s laboratory went Gisou van der Goot discussed her work on aerolysin
on to show that the carboxyl terminus of MAL ends with and GPI-linked proteins. Aerolysin is a toxin that is se-
a dilysine-like motif that in the MAL molecule does not creted by the bacterium Aeromonas hydrophila. As with
work as a predicted ER retrieval signal. Rather, it is many other pore-forming toxins, aerolysin is produced
involved in apical sorting as the expression of MAL pro- as an inactive precursor that must first be proteolytically
teins with mutations known to neutralize standard dily- activated, and then oligomerizes into a ring-like amphi-
sine sorting motifs were unable to direct cargo transport pathic structure that inserts into lipid membranes and
to the apical surface (Puertollano et al., 2001). These forms a pore (Abrami et al., 2000). Van der Goot and
results implicate MAL as the first integral membrane colleagues demonstrated that at the surface of living
component of the apical sorting machinery identified cells, this process is very efficient due to the presence
thus far, and demonstrate that the carboxyl terminus of specific receptors. Aerolysin binds to GPI-anchored
of MAL is involved, likely by directing the assembly of proteins (Abrami et al., 2000; Diep et al., 1998). This
vesicular coats, in the regulation of the trafficking of the not only allows it to concentrate in the two-dimensional
MAL vesicles and, hence, in cargo transport to the apical space of the membrane but also locally within lipid rafts,
surface. thereby favoring the oligomerization process (Abrami
Alonso also discussed that BENE, another member and van Der Goot, 1999). The binding of aerolysin to its
of the MAL proteolipid family, associates with caveolin-1 receptor is of high affinity and is mainly determined by
in ECV304 cells (de Marco et al., 2001). More specifically, the glycan core of the GPI-anchor (Abrami et al., 2000).
BENE coimmunoprecipitates and colocalizes with ca- Therefore, aerolysin does not discriminate between dif-
veolin-1 by immunofluorescence and immunoelectron ferent GPI-anchored proteins, although exceptions do
microscopy. Similarly, during oxidation of cell surface exist. This renders aerolysin an interesting tool in cell
cholesterol, both BENE and caveolin-1 retreat to the biology to study endogenous GPI-anchored proteins
same internal membrane compartments where they are (Abrami and van Der Goot, 1999), not only to screen for
colocalized (de Marco et al., 2001; Alonso and col- cells deficient in GPI-biosynthesis (van der Goot et al.,
leagues, unpublished observations). Based on these 2001), but also to examine their distribution and traffick-
studies, he postulated that BENE is a novel component ing in intact cells.
of the lipid raft-based sorting machinery.
Raft Exclusion as a Mechanism for Signaling
Rafts are believed to function in cellular signaling byDynamin and Membrane Tubulo-Vesiculation
Mark McNiven provided insights into how the dynamin concentrating or separating specific membrane and/or
membrane-associated proteins in a unique lipid environ-family of large GTPases tubulates cellular membranes,
both in vitro and in living cells. Fluorescence and elec- ment. Signaling from the T cell receptor (TCR) is a key
event responsible for the proliferation and differentiationtron micrographs of cells expressing specific isoforms
of dynamin 2 (Dyn2), when mutated in the first nucleotide of T cells following recognition of antigen bound to MHC
molecules on an antigen-presenting cell. TCR ligationbinding site, revealed dramatic tubulation of the plasma
membrane. These tubules were coated with the mutant is followed by the rapid tyrosine phosphorylation of mul-
tiple intracellular proteins by the membrane-associateddynamin protein and appeared as linear extensions
along cytoskeletal elements. Tubulation of membrane Src-family protein tyrosine kinase (PTK) Lck and the
cytoplasmic PTK ZAP-70, which is recruited to the mem-was also observed by the dynamin-like protein (DLP1)
that was identified by McNiven’s group and others in brane by Lck phosphorylation of the TCR. As a result,
a cohort of signaling pathways is triggered which ulti-mammalian cells and shown to alter mitochondria and
ER morphology. Remarkably, DLP1 shows only 38% mately induces the transcription of genes essential for
cell cycle entry. Lck is dually acylated at its N terminushomology to conventional mammalian dynamins, yet
appears to form circular polymers that readily tubulate (myristoylated on Gly 2 and S-acylated [palmitoylated]
on Cys 3 and Cys 5), which is responsible for plasmamembranes both in vivo and in vitro (Pitts et al., 1999).
This suggests that the dynamin superfamily of proteins membrane targeting, association with lipid rafts, and for
its signal transducing function (Kabouridis et al., 1997).shares a common function, membrane modeling and
tubulation, but at distinct cellular compartments (McNi- Tony Magee and colleagues investigated lipid rafts
in Jurkat T cells using confocal microscopy, by cross-ven et al., 2000). McNiven also showed that Dyn2 binds
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linking of the raft component GM1 ganglioside with fluo- DIMs no longer resisted detergent solubilization upon
sequestration of cholesterol. Finally, electron micros-rescent cholera toxin B (CTB) subunit and anti-CTB anti-
body (Janes et al., 1999). The resulting membrane copy examination revealed that the DIMs are membrane
vesicles exhibiting broad sizes with a mean diameter ofpatches contained lipid rafts, colocalized with GPI-
linked proteins, Lck, and the adaptor protein LAT, which 60–70 nm (He and colleagues, unpublished observa-
tions).are enriched in rafts, but not with nonraft membrane
proteins including the protein tyrosine phosphatase
CD45 and transferrin receptor. In contrast to earlier bio- Dynamic Properties of Lipid Rafts and Clustered
chemical data, the TCR also associated with lipid rafts, Organization of GPI-Anchored Proteins
but this was weak and sensitive to nonionic detergents Roger Morris pointed out that rafts appeared to function
unlike the association of Lck and GPI-linked proteins. in many instances by controlling the dynamic parti-
Specific TCR cross-linking caused coaggregation of tioning of proteins between the raft and fluid membrane
raft-associated proteins including Lck, but not CD45. environments. In such situations, the small size and ir-
Cross-linking of either the TCR or GM1 strongly induced regular contours of rafts (Madore et al., 1999) maximized
specific tyrosine phosphorylation of TCR in the rafts. their interface with fluid membrane regions, thereby en-
Remarkably, CTB-induced raft patching induced signal- hancing the interaction of proteins that partition primar-
ing events analogous to TCR stimulation, with the same ily into the different environments (e.g., GDNF receptor
dependence on expression of key TCR signaling mole- subunits [Paratcha et al., 2001]). Since increasingly more
cules. Targeting of Lck to rafts was necessary for these stringent detergents nibble away at individual neuronal
events, as a raft-excluded transmembrane Lck chimera rafts, some components (e.g., prion protein) are solubi-
could not reconstitute CTB-induced signaling. Extrac- lized, while others (e.g., Thy-1 and ganglioside GM1) are
tion of the key raft component cholesterol with methyl left intact in the raft. Therefore, Morris suggested that
-cyclodextrin perturbs TCR signaling (Kabouridis et al., rafts on the same cell surface encompass discrete mi-
2000). These results indicate a mechanism whereby TCR crodomains differing in their degree of lipid order (and
engagement promotes aggregation of lipid rafts, which so insolubility) into which different proteins partition
facilitates colocalization of signaling proteins including (Madore et al., 1999). Judging from their relative ease
Lck, LAT, and the TCR, while excluding CD45, thereby of solubilization, he suggested that those membrane
triggering protein tyrosine phosphorylation. components that enter or exit rafts (e.g., different trans-
membrane receptors upon ligand activation) do so via
GDI Access to Rabs these less ordered domains that possibly form the inter-
Early endocytic membrane traffic is regulated by the face between the more insoluble raft core and the fluid
small GTPase Rab5, which cycles between GTP- and membrane.
GDP-bound states, as well as between membrane and The dynamic exchange of proteins between raft and
cytosol. The latter cycle depends on GDI, which can fluid regions of the membrane could allow the raft to
transport Rab proteins in the aqueous environment of influence metabolism in the wider membrane environ-
the cytosol. Gruenberg and colleagues found that endo- ment. Such an extra-raft effect apparently occurs with
cytic rates can be modulated by p38 MAPK. This kinase Thy-1, a major neuronal/thymocyte surface protein
activates GDI functions in the Rab5 cycle, by stimulating whose absence from rafts in Thy-1 null mice results
the formation of the GDI:Rab5 complex. The existence in hyperresponsivity to receptor signaling involving Src
of a cross-talk between endocytosis and the p38-depen- family kinases (Hueber et al., 1997). In neuronal rafts
dent stress response provides evidence that endocyto- isolated from Thy-1 null mice, the Src-family kinase ac-
sis can be regulated by the environment (Cavalli et al., tivity was elevated nearly 3-fold, but it was similarly
2001). elevated in the nonraft solubilized membrane, sug-
gesting that the two pools of kinase were in equilibrium
(Garcia-Maya and Morris, unpublished observations).Evidence that Rafts Exist at 37C Using
a Detergent of the Brij Series Lipid rafts are likely to be involved in the sorting of
GPI-anchored proteins (GPI-APs) in endosomes sinceUsing a detergent of the polyoxyethylene ether (Brij)
series on mouse thymocytes, He and colleagues were cholesterol and sphingolipid depletion relieve the endo-
cytic retention measured for GPI-APs in the recyclingable to demonstrate the existence of detergent-insolu-
ble membrane domains at physiological temperature endosomal compartment of mammalian cells (Chat-
terjee et al., 2001; Mayor et al., 1998). Using D-FRETand show that they possess all predicted characteristics
of rafts. Indeed, following membrane solubilization at (depolarization-FRET) microscopy techniques, Mayor
and colleagues recently demonstrated that multiple GPI-37C, the low-density detergent-insoluble membrane
domains (DIMs) could be isolated from buoyant fractions APs are present in the same cholesterol-dependent sub-
micron domains at nanometer scale-proximity at theof a sucrose density gradient (He and colleagues, un-
published observations). The DIMs were enriched in pro- surface of living cells (Varma and Mayor, 1998). How-
ever, conventional FRET studies using spectrally differ-teins that were modified by saturated-chain lipids such
as Thy-1 (GPI-anchored), LAT (dually palmitoylated), and ent donor-acceptor species have not been able to detect
any clustered organization of GPI-APs (Kenworthy andLck (myristoylated and palmitoylated), but devoid of pro-
teins modified by prenyl groups (that have a branched Edidin, 1998; Kenworthy et al., 2000). Since D-FRET
detects energy transfer between like fluorophores, theseand bulky structure), such as Rab-5. Lipid analysis indi-
cated that the DIMs were rich in sphingomyelin and measurements are likely to be more sensitive to de-
tecting FRET from small clusters wherein the numbercholesterol but poor in phospholipids. Moreover, the
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of GPI-AP species are very few. Although the evidence and colleagues showed that membrane properties differ
at either end of polarized neutrophils and that theseis indirect, these observations argue that GPI-APs are
organized in very small cholesterol-sensitive clusters in differences are critical for polarization and migration
(Maxfield and colleagues, unpublished observations).membranes.
Specifically, they found that the plasma membrane of
stimulated neutrophils is largely comprised of lipid rafts,Translational Diffusion of Phospholipids in the
whose distribution is intimately correlated with cell po-Plasma Membrane Is Limited by Compartments
larization. In fully polarized neutrophils, the plasmaFormed of Membrane-Skeleton
membrane at the cell front is susceptible to extractionAnchored Protein Pickets
by cold Triton X-100, while membrane toward the cellThe diffusion rate of lipids in the cell membrane is re-
rear is resistant to extraction, indicating that the cellduced by a factor of 10–100 from that in artificial bilayers.
body and uropod of these cells is largely raft-like.The mechanism for such slowing of diffusion has puz-
As one example, the raft component CD44 coalesceszled cell biologists for the last 25 years. To address
during neutrophil polarization into a cap-like structurethis issue, Kusumi and colleagues utilized single particle
(or “flotilla of rafts” [Pierini and Maxfield, 2001]) towardtracking (SPT) techniques and rapid image recordings
the uropod and is resistant to extraction by cold Tritonat 25 microsecond resolution to follow the movement
X-100. They suggest that CD44, interacting concomi-of a single phospholipid molecule (DOPE) in the outer
tantly with rafts and the F-actin cytoskeleton, may beleaflet of the plasma membrane of cultured normal rat
instrumental in localizing and stabilizing a subset of raftskidney (NRK) fibroblasts (Kawasaki et al., 2001; Kusumi
during cell polarization. The importance of raft coales-and colleagues, unpublished observations).
cence for neutrophil function is demonstrated by theAt a time resolution of 25 microseconds, DOPE was
finding that depleting plasma membrane cholesterol lev-found to undergo hop diffusion: it is temporarily confined
els, which disrupts membrane organization, inhibits cellwithin a compartment of 230 nm in diameter, and hops
polarization and migration (Maxfield and colleagues, un-to an adjacent one an average of once every 11 ms. The
published observations). Similar findings have been re-diffusion rate within this compartment is 5.4 microns2/s
ported for other migratory cells (reviewed in Pierini andon average, which agrees with that of freely diffusing
Maxfield, 2001). The functional effects of cholesterollipids in artificial bilayers. The authors concluded that
depletion can be attributed to the dramatic attenuationlipid diffusion in the cell membrane is slowed not be-
of stimulated actin polymerization and disruption of Raccause of diffusion per se, but because the cell mem-
localization within the plasma membrane. In control cellsbrane is compartmentalized with regard to translational
where cholesterol has not been depleted, translocationdiffusion of lipid.
of Rac to the plasma membrane occurs almost exclu-Jasplakinolide, which stabilizes F-actin, decreased
sively at the cell front. Taken collectively, these findingsthe hop rate of DOPE by a factor of about 2 (while it did
suggest that plasma membrane organization maynot affect the compartment size). In contrast, Latrun-
orient signaling events that control cytoskeletal re-culin-A, which depolymerizes F-actin, increased the
arrangements and consequently, cell polarity. One pos-confinement area by a factor of about 2. Treatments
sible model is that lipid rafts, linked to the cytoskeletoncleaving off the extracellular matrices and extracellular
via CD44, distribute to the rear of polarized cells anddomains of membrane proteins, or those inducing partial
act to exclude some signaling molecules (such as CD45depletion of cholesterol, did not cause any appreciable
or Rac) or recruit others (such as Src family tyrosinechanges in DOPE movement. Based on these and other
kinases). Lipid rafts would inhibit formation of lamelli-observations, the authors propose a model in which
podia at the back of polarized cells, and consequentlyphospholipids in the plasma membrane are temporarily
restrict their formation in permissive domains at the cellconfined to compartments formed by rows of pickets
front.made of transmembrane proteins anchored to the mem-
brane skeleton (anchored-protein picket model).
Future Directions
The existence of different classes of lipid rafts in distinctSignaling Proteins Change Their Detergent
Solubility According to Time and cell types and their role in the modulation of signal trans-
duction pathways was well-documented during thisLocation in the Cell
Migratory cells, with their functionally distinct extremi- conference. However, in the years ahead, we will need
to explore certain questions in order to better under-ties, are well suited for studies aimed at evaluating the
role of plasma membrane lipid domains in spatial regula- stand the functional roles of the different classes of lipid
rafts. For example, why does more than one type of lipidtion of signal transduction events. Because neutrophils
undergo rapid ( 2 min) polarization and migration in raft exist in a given cell? What factors modulate the
expression of the structural protein components of lipidresponse to chemotactic stimuli, these cells are a partic-
ularly good model system for such studies. At the cell rafts in mammalian cells? Which signaling molecules
are enriched in specific classes of lipid rafts? These arefront, stimulated actin polymerization is needed to drive
lamellar extension, while at the cell rear, acto-myosin very basic questions that will allow us to elucidate, at
a molecular level, the complex mechanisms underlyingcontraction is necessary for tail retraction. A major chal-
lenge in cell biology is to understand how signals, such signaling mediated by distinct classes of lipid raft do-
mains, including caveolae.as those leading to membrane protrusion or contraction,
are organized to produce localized responses. Caveolins and caveolae have been implicated in the
pathogenesis of a number of human diseases, such asIn a step toward attaining this understanding, Maxfield
Cell
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(2001). Caveolin-2 is targeted to lipid droplets, a new “membranecancer, atherosclerosis, diabetes, Alzheimer’s disease,
domain” in the cell. J. Cell Biol. 152, 1079–1085.and muscular dystrophy. As a consequence, additional
Galbiati, F., Razani, B., and Lisanti, M.P. (2001a). Role of caveolaeimportant and challenging studies will be needed to
and caveolin-3 in muscular dystrophy. Trends Mol. Med., in press.understand how noncaveolar lipid rafts are involved in
Galbiati, F., Engelman, J.A., Volonte, D., Zhang, X.L., Minetti, C., Li,the pathogenesis of these and other human diseases.
M., Hou, H., Kneitz, B., Edelmann, W., and Lisanti, M.P. (2001b).Therefore, caveolins and other structural protein com-
Caveolin-3 null mice show a loss of caveolae, changes in the micro-
ponents of lipid rafts may represent important pharma- domain distribution of the dystrophin-glycoprotein complex, and
cological targets for the treatment of several human T-tubule abnormalities. J. Biol. Chem. 276, 21425–21433.
diseases. Gennis, R.B. (1989). Biomembranes: Molecular Structure and Func-
tion. (Springer-Verlag).
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